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ABSTRACT

Author: Gallagher, Samantha J.. MS
Institution: Purdue University
Degree Received: December 2017
Title: Examining the Individual- and Community-Level Effects of Natural and Anthropogenic
Stressors on Larval Amphibians
Committee Chair: Jason T. Hoverman
Both natural and anthropogenic stressors are encountered regularly in nature. Predators and
pathogens are fundamental components of ecological communities, while chemical contamination
commonly enters aquatic environments via drift or runoff. The presence of each of these stressors
may have individual- or community-level impacts. Individuals may be forced to make
physiological tradeoffs upon exposure to stress that can be addressed through metabolic rate.
Examining metabolic rate provides insight into energy allocation, a process that may be altered by
the addition of a stressor. I examined how two stressors, the pathogen ranavirus and the pesticide
carbaryl, affected the metabolic rates of larval amphibians. Moreover, I used both acute and
chronic carbaryl exposures to explore temporal dynamics. I found that an acute exposure to
carbaryl reduced routine metabolic rate by up to 36% relative to controls, but I did not observe any
metabolic effects of chronic exposure. In the ranavirus experiments, infection reduced wood frog
routine metabolic rates by 31%. Lower routine metabolic rates suggest there are energetic tradeoffs
associated with exposure to a stressor, as individuals may alter behavior to compensate for the
energy lost to detoxification or tissue repair. At the community level, predators and pathogens
have the potential to influence each other via their interactions with victims and initiate densityand trait-mediated effects. I used ranavirus and predatory dragonflies to examine these effects
using a semi-natural mesocosm experiment. I found that lethal (free-ranging) predators reduced
ranavirus infection prevalence by 57 to 83% compared to treatments with no predators or caged
predators. These results suggest that dragonflies could play an important role in reducing disease
risk within amphibian communities (i.e. healthy herd hypothesis). The reduction in infection
prevalence appeared to be driven by tadpole density rather than tadpole behavior. Survival and
infection prevalence were relatively high in both the caged- and no-predator treatments, but low
in the lethal-predator treatment. Tadpole activity was lower in both caged- and lethal- predator
treatments relative to the no-predator treatment, indicating that behavior alone did not have a
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strong influence on transmission. Predators also initiated a trophic cascade as a result of reduced
tadpole density, though ranavirus did not. Periphyton biomass was 117 and 68% higher in the
lethal-predator treatment than in the no-predator and caged-predator treatments, respectively. The
results of the mesocosm experiment provide support for the healthy herd hypothesis in amphibian
communities and underscore the importance of examining the interactions between stressors.
Collectively, these experiments demonstrate that stressors have wide-ranging consequences for
individuals and communities, and are capable of influencing one another. Given that larval
amphibians are regularly exposed to combinations of stressors, and that amphibians are in decline
worldwide, it will be critical to examine their impact moving forward.

1

CHAPTER L
THE EFFECT OF CARBARYL AND RANAVIRUS ON
THE METABOLIC RATES OF LARVAL AMPHIBIANS

1.1

Abstract

Metabolism represents the energy being used by an individual to sustain the physiological
processes required for survival and reproduction. By quantifying metabolic rate, we can gain
insights into how individuals are allocating energy, which is particularly important when
organisms experience environmental change. Stress occurs regularly in nature but often presents
conditions that may alter energy assimilation and allocation. I examined how two stressors, the
pathogen ranavirus and the pesticide carbaryl, affected the routine metabolic rates of larval
amphibians. Within the carbaryl experiments I explored temporal dynamics by using both acute
and chronic exposures. I found that acute exposure to carbaryl lowered metabolic rates, but I found
no metabolic effects of chronic carbaryl exposure. Wood frogs and bullfrogs in the acute carbaryl
treatments had metabolic rates that were 29 – 36% and 17 – 23%, respectively, lower than the
other treatments. Additionally, there was a trend for lower metabolic rates in northern leopard
frogs and tiger salamanders in the acute treatment. In the ranavirus experiments, I found that
individuals infected with ranavirus had lower metabolic rates. Wood frogs, a highly susceptible
species to ranavirus, exhibited a 31% reduction in metabolic rate upon ranavirus infection.
However, there was not a significant effect of infection on metabolic rates in gray treefrogs or
chorus frogs. Collectively, my data suggest that acute exposures to pesticides and infection with
ranavirus can reduce metabolic rates in some species. These reductions could be the result of
energetic tradeoffs. For example, individuals may alter behavior to compensate for the energy lost
to detoxification or tissue repair. However, additional work will be necessary to determine the
mechanisms underlying my observations. Moreover, these results underscore the importance of
examining energetic tradeoffs under stress given their potential fitness consequences.
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1.2

Introduction

Metabolic rate is governed by the energy required for all of an organism’s activities,
including basic functions such as circulation, respiration, hormone production, and cellular
maintenance (Steyermark et al. 2005). Resources obtained from the environment and metabolic
requirements determine how an individual allocates energy (i.e. energy budget), meaning that
energy expenditure varies as resource availability and energetic demands change (McNab 1997,
Nisbet et al. 2000). Metabolism is also fundamental in studying the interactions between organisms
and their environment because processes such as feeding and activity inherently involve the
exchange or use of energy (Brown et al. 2012). Elevated metabolic rates indicate that an individual
is using more energy and increased energy expenditure necessitates increased energy intake to
maintain normal activity. However, when resources are limited, organisms must reallocate energy
away from non-vital processes (e.g., growth, reproduction) to improve their likelihood of survival
(Dillon et al. 2010). These energetic tradeoffs can therefore have long-term consequences, and a
better understanding of how individuals use energy can provide insight into the underlying
physiological effects of varying environmental conditions.
Natural and anthropogenic stressors capable of altering individual energetics are regularly
encountered in nature. For example, pathogens are common components of ecological
communities that present physiological challenges to their hosts. Energy re-allocation from growth
or maintenance to immune function has been well documented across species upon infection
(Lochmiller and Deerenberg 2000). Moreover, feeding and reproduction suffer when the immune
system is challenged (Demas et al. 1997, Bonneaud et al. 2003). However, experimental studies
exploring the effect of infection on metabolism have yielded mixed results; metabolic rates can be
higher, lower, or unchanged in infected individuals compared to uninfected individuals (Fisk et al.
2002, Khokhlova et al. 2002, Scantlebury et al. 2007). Higher metabolic rates in infected
individuals are often associated with an increase in energetically costly processes required to
tolerate the pathogen, such as an inflammatory immune response or tissue repair (Delahay et al.
1995, Kristan and Hammond. 2000). Unchanged or decreased metabolic rates have been attributed
to alterations in host traits (e.g., feeding behavior, activity levels) compensating for pathogenassociated shifts in energetic requirements (Fisk et al. 2002, Orlofske et al. 2013). For example, a
decrease in activity would lower the energy an individual is expending and thus reduce metabolic
rate. The effect of the disease alone on metabolic rate would then be obscured. Given the
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substantial variance across systems of the effect of disease on metabolism and the tradeoffs
associated with changes in metabolic rate, there is a need for research addressing the physiology
underlying infection (Robar et al. 2011).
In addition to pathogens, some species are frequently exposed to chemical contaminants
that can disrupt physiological processes (Köhler and Triebskorn 2013). The lethal and sub-lethal
effects of numerous chemicals have been extensively explored in the literature (Fleming et al. 1995,
Ouellet et al. 1997, McKinlay et al. 2008, Mostafalou and Abdollahi 2013). Chemical
concentrations found in nature have been shown to disrupt a diversity of biological processes,
including thyroid function, endocrine activity, growth, and reproduction (Turusov et al. 2002,
Bernanke and Köhler 2009, Brucker-Davis et al. 2010). Moreover, pesticides and insecticides have
been implicated in mortality events for decades (Fleischli et al. 2004). Given the damage they
inflict, the physiological disruptions associated with chemical exposure appear likely to have
metabolic costs. However, the literature is mixed on how contaminants affect metabolic rate. Some
studies have shown increased metabolic rates after exposure (Lannig et al. 2006, Leadley et al.
2016), while others did not note any effects (del Carmen Alvarez and Fuiman 2006, Lucas et al.
2016). The presence of a contaminant may strain the energy budget of an individual if energy is
required to mitigate the effects of the chemical (Cherkasov et al. 2006). However, individuals may
also be able to compensate for increased energetic demand if they have access to abundant
resources (Hopkins et al. 1999). The effect of chemicals on metabolic rate in nature is complicated
by the temporal and spatial variation in contamination events (Vryzas et al. 2009). As a result,
acute or chronic exposures with different physiological consequences can occur. Individuals
respond to acute stressors by initiating a hormonal response that mobilizes resources to minimize
potential damage (Wingfield et al. 1998). Chronic exposure to stressors elicits a different effect,
as animals have been shown to acclimate by reducing the magnitude of the stress response over
time (Romero 2004). Sustained stress responses have been shown to have a negative correlation
with long-term fitness (Calow and Forbes 1998, Blas et al. 2007). Thus, the longer an animal is
exposed to a chronic stressor, the more likely it is to be deleteriously impacted by fitness tradeoffs.
The duration and magnitude of chemical exposure is critical, and examining metabolic rate can
provide insight into how individuals respond to both acute and chronic chemical exposure.
The effects of pathogens and pesticides have been widely studied in larval amphibian
populations and provide an excellent model for exploring the metabolic consequences of these
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factors. In aquatic habitats, amphibian larvae encounter a diverse array of pathogens and parasites
including viruses, bacteria, fungi, and trematodes (Densmore and Green 2007). In addition to the
potential for host mortality, these pathogens can affect behavior, growth, and development
(Johnson et al. 1999, Kilpatrick et al. 2010). Aquatic habitats are also increasingly contaminated
with pesticides due to direct overspray, aerial drift, and runoff (Schwarzenbach et al. 2006,
Nuyttens et al. 2013). Lethal and sublethal effects including endocrine disruption, growth
inhibition, and deformities have been reported across many larval amphibian species following
exposure to pesticides (Carey and Bryant 1995, Sparling et al. 2010, Bruhl et al. 2013). Despite
the extensive research examining the effects of pathogens and pesticides on larval amphibians, few
studies have explored the metabolic consequences of exposure (Daszak et al. 2003, Mann et al.
2009, Voyles et al. 2012). For pathogens, the fungal disease chytridiomycosis was shown to
increase metabolic rate, which was attributed to increased corticosterone production following
infection (Peterson 2012). Conversely, encysted trematodes did not alter metabolic rate in infected
individuals but decreased growth, suggesting that energetic tradeoffs occur during infection
(Orlofske et al. 2009, Orlofske et al. 2013). For pesticides, there are no controlled laboratory
studies on larval amphibians that have examined how exposure influences metabolic rate. Thus,
there is a significant gap in our understanding of how these two common factors influence
amphibian metabolism.
Ranaviruses are viral pathogens which cause hemorrhaging, necrosis, and eventual organ
failure. As disease progresses, individuals also display buoyancy issues and lethargy (Miller et al.
2011). Ranavirus can elicit an innate immune response in amphibians, which is energetically costly
in other organisms (Lochmiller and Deerenberg 2000, de Jesus Andino et al. 2012). Moreover,
tissue repair has been shown to have energetic costs in other species and is necessary for coping
with the organ damage caused by ranavirus (Lemly and Esch 1984). As a consequence, we would
expect amphibians to have higher metabolic rates following ranavirus infection. However, there is
species-level variation in susceptibility to ranavirus; some species experience mortality in 7-10
days, while others appear capable of resisting, tolerating, or clearing infection (Hoverman et al.
2011). Given this species-level variation in susceptibility, the magnitude of metabolic effects could
vary such that more susceptible species may have higher metabolic rates upon infection than less
susceptible species.
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Acetylcholinesterase (AChE) inhibitors (e.g., carbaryl, malathion) cause paralysis by
blocking nerve activity (Čolović et al. 2013). Given that an estimated 10.8 million kilograms of
these chemicals are applied each year (Atwood and Paisley-Jones 2017), there is a need to explore
their effects on non-target organisms. Carbaryl is a common AChE inhibitor used for pest control
and disease prevention in agricultural and residential settings, with application rates reaching
400,000 kg annually and surface water concentrations measured as high as 4.8 mg L-1 in the United
States (Norris et al. 1983, Grube et al. 2011, Baker and Stone 2015). While research is lacking on
larval amphibians, DuRant et al. (2007a) found that carbaryl exposure in lizards increased
metabolic rate, which altered the entire energy budget. Carbaryl has also been shown to alter swim
and sprint speed in snakes and lizards, respectively (Hopkins et al. 2005, DuRant et al. 2007b).
Both studies noted a recovery after 96 hours, which suggests that ectotherms are able to acclimate
to, or recover from, sub-lethal concentrations of contaminants over time. Given the temporal
heterogeneity in pesticide exposure, the potential for detoxification, and that carbaryl
concentrations in the field are not likely to reach lethal levels (Relyea 2004), there is a need for
studies that examine the metabolic dynamics following both acute and chronic exposures in
amphibians.
I conducted trials using an aquatic respirometry system to explore how routine metabolic
rate changed in larval amphibians exposed to ranavirus or carbaryl. Metabolic rate is often
determined using oxygen consumption as a proxy because it is a direct reflection of the energy
being consumed (Brown et al. 2004). Routine metabolic rate (RMR) examines fasted individuals
and includes spontaneous (routine) activity, while standard metabolic rate (SMR) refers to the
minimum energy required to sustain life (Fry 1971). In the ranavirus experiments, I explored the
metabolic consequences of infection over time. As the disease progressed and individuals became
lethargic, I expected RMR to decrease due to reduced activity. Despite potential increases in SMR
as individuals attempted to respond to the virus (e.g., immune response, tissue repair), I predicted
a net decrease in RMR. Moreover, I expected the magnitude of the effects to be greater for highly
susceptible species compared to less susceptible species. In the carbaryl experiments, I used
chronic and acute exposures to examine the effect of concentration and timing on RMR. Given the
nature of the chemical, I expected a reduction in RMR as nervous function became impaired in
exposed individuals and activity levels decreased. Similar to ranavirus, I did not expect any
potential increases in SMR associated with exposure (e.g., detoxification, tissue repair) to be
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reflected in RMR. Furthermore, I hypothesized that metabolic rates of acutely exposed individuals
would be lower than the chronically exposed as a result of exposure to a higher chemical
concentration.

1.3
1.3.1

Materials and Methods

Animal Husbandry
The experiments were conducted between April and August, 2017 at the Purdue Wildlife

Area (PWA) in West Lafayette, IN using six amphibian species (Table 1.1). I collected wood frog
(Lithobates sylvaticus), leopard frog (Lithobates pipiens), and tiger salamander (Ambystoma
tigrinum) egg masses and placed them in outdoor 180-L culturing pools filled with well water for
rearing. I collected chorus frog (Pseudacris triseriata) egg masses, placed them in 15-L tubs inside
the PWA, and allowed them to hatch indoors before moving them to outdoor culturing pools. I
collected gray treefrogs (Hyla versicolor) and bullfrogs (Lithobates catesbeianus) as larvae from
local ponds and placed them in outdoor pools. I fed tadpoles tetramin (Tetra, VA, USA) or rabbit
chow (Purina, MO, USA) ad libitum, and salamanders zooplankton, blackworms, or tadpoles ad
libitum until the start of the experiment. I moved individuals to 15-L indoor holding tubs for a 24hr acclimation period prior to experiments and fed ad libitum.
1.3.2

Respirometry Set-up
I used an aquatic system developed by Loligo (Viborg, Denmark) comprised of a DAQ-M

instrument for data acquisition and the software program AutoResp for analysis. Prior to each
experiment, I calibrated the system using aerated and anoxic water to establish 100% and 0%
oxygen level baselines, respectively. I used an air stone for aeration and sodium sulfite to remove
oxygen. The DAQ-M was connected to oxygen sensors in four recirculating loops housed in
individual 120-L tubs filled with UV-irradiated, filtered, aged well water. The water was aged in
a 378-L tub overnight and homogenized just before being added to the system each day to ensure
all tubs had similar oxygen levels and temperatures. I maintained consistency in the start time of
trials each day in order to avoid the potentially confounding influence of circadian rhythms on
metabolic rate (Table 1.2; Roe et al. 2004). The DAQ-M continuously recorded both chamber
oxygen level and water bath temperature via a temperature probe. Each of the four closed loops
consisted of an 88-mL3 cylindrical glass chamber connected on each end to a pump via
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impermeable rubber tubing. As water was pulled from each chamber, it flowed over the oxygen
sensor before passing through the pump and being returned to the chamber. Water was recirculated
continuously in this manner in all four chambers throughout the trials, and oxygen readings were
taken once per second. At the conclusion of each trial, I connected the outflow of a submerged
second pump to each chamber and turned it on. This allowed fresh water to enter the recirculating
loop and flush it out, with excess water exiting the loop via drainage tubing. Between runs I ran a
5% bleach solution through the system to remove residual ranavirus virions or any bacterial
buildup with the potential to influence oxygen readings through background respiration (Svendson
et al. 2016).
I weighed all individuals prior to placing them in chambers. Each respirometer run lasted
45 to 60 min to ensure at least 30 min of data collection following an acclimation period of at least
15 minutes. Following each run, I removed individuals from chambers and euthanized them in 0.6
g L-1 MS-222. I determined metabolic rates for all individuals using AutoResp. The software
calculated the average metabolic rate (mL/g/hr) for each individual at 30 s intervals for the duration
of every run. I averaged these data points over the final 20-30 min of each run and did not include
the acclimation period for each individual.
1.3.3

Insecticide Experiments
I examined the effect of acute and chronic exposures to the insecticide carbaryl on wood

frogs, leopard frogs, bullfrogs, and tiger salamanders. My experiments consisted of four treatments:
1) no-insecticide control, 2) chronic exposure to 0.5 ppm of carbaryl, 3) chronic exposure to 2.0
ppm of carbaryl, and 4) acute exposure to 4.0 ppm of carbaryl. These concentrations are within
the range of concentrations detected in aquatic environments (Peterson et al. 1994). I replicated
each treatment 20 times for a total of 80 experimental units per species. I used a commercial
formulation (GardenTech, IL, USA; 22.5% carbaryl) to achieve experimental concentrations. I
diluted this concentrated form 1:10 in aged well water to enable micropipetting. I then added 10.6
µL, 42.4 µL, and 84.8 µL of the diluted stock to 500 mL of water for the low chronic, high chronic,
and acute experimental units respectively to achieve final concentrations of 0.5 ppm, 2 ppm, and
4 ppm. The low (0.5 ppm) and high (2 ppm) chronic exposure treatments were administered daily
over the course of two weeks leading up to respirometer testing. The acute (4 ppm) exposure
treatment was administered 24 hours before respirometer testing. The no-insecticide control

8
received water as a sham exposure throughout the experiment. Water was changed daily in all
experimental units prior to exposure, and all experimental units were thoroughly mixed following
exposure. All individuals were fed daily until 48 hours prior to their respirometer testing date.
Testing in a fasted state minimizes the influence of digestion on metabolic rate (Bennett and
Dawson 1976, Wang et al. 2001). Wood frogs and leopard frogs were fed tetramin (Tetra, VA,
USA), bullfrogs were fed rabbit chow, and salamanders were fed blackworms during the
experiment.
The setup of the respirometery system limited the number of individuals that could be run
simultaneously to four. Given this limitation, I used a temporal blocking scheme. On five
consecutive days (i.e. temporal blocks), I conducted four runs of the respirometery system (n = 16
individuals per day). Despite being tested over five consecutive days, all individuals were exposed
to their respective treatments for the same amount of time because I began exposures over five
consecutive days. Two weeks prior to the first testing date, I selected 16 individuals at random
from acclimation tubs, added them to experimental units, and randomly assigned four to each
treatment. Experimental units were 1-L cups containing 500 mL UV-irradiated, filtered, aged well
water that were fully randomized across two shelves in a temperature-controlled room at the PWA.
Temperature and humidity were documented daily. After two weeks of the appropriate exposures,
I ran the 16 individuals in a fully randomized order over the course of four respirometer runs.
Individuals were run in fresh water and no treatment water was added to the respirometry system.
Following runs, I measured snout-vent and total length, as well as noted developmental stage of
all individuals (Table 1.3, Gosner 1960).
1.3.4

Virus Experiments
I explored the effect of ranavirus on the metabolic rates of wood frogs, chorus frogs, and

treefrogs. For each species, I exposed tadpoles to either ranavirus or a sham exposure (no-virus
control) as a group. I then tested 10 individuals per day from each treatment over the course of five
days (n = 50 per treatment). I used a ranavirus isolated from an infected green frog (Lithobates
clamitans) collected from the PWA. It was cultured using fathead minnow cells and Eagle’s
minimum essential media containing 5% fetal bovine serum (MEM). The final titer of the isolate
was 1.68 x 106 PFU mL-1. This isolate has been used to infect larval amphibians in previous
experiments (Wuerthner et al. 2017). Using 595 µL of the isolate, I exposed the virus treatment to
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a concentration of 103 PFU mL-1 in 1 L of water. I simultaneously exposed the no-virus control
treatment to an equal volume of sterile MEM in 1 L of water. After 24 hours, I added 3 L of water
to each treatment holding tub without removing treated water. All tadpoles were fed tetramin ad
libitum and remained in treatment water for an additional 48 hr (day 3 post-exposure).
I then gave both holding tubs a full water change and removed 10 individuals from the
virus treatment and 10 individuals from the control treatment at random. The water change
ensured all individuals were exposed to treated water for the same amount of time (72 h). As in
the carbaryl experiments, I was limited in how many animals could be tested simultaneously and
opted to conduct five respirometer runs each day (n = 20 individuals). I placed those 20
individuals in 1-L cups containing 500 mL water that were fully randomized across two shelves
at the PWA. Once individuals were in cups, I did not feed them through to their testing date 48
hours later. I fed tetramin to the remaining individuals in the holding tubs until they were placed
in cups. Each day until no tadpoles remained, I continued to remove 10 individuals from each
holding tub. On Day 5 post-exposure, I ran the first 10 fasted individuals from each treatment in
fully randomized order on the respirometer over the course of five respirometer runs. Though
infection takes place in the first few days, signs of disease do not present immediately as viral
loads build. I began testing five days after exposure to allow infection to progress and viral loads
to become detectable, as well as to ensure measurements began prior to significant virus-induced
mortality. For each species, I conducted trials through Day 10 post-exposure, or until no
individuals from the virus treatment remained.
Following each run, I dissected all individuals. Snout-vent length, total length, and
developmental stage were taken at dissection. Liver tissue was removed and frozen at -80°C for
viral load calculations. To determine infection status and viral load, I dissected all individuals
from virus treatments and 20% of individuals from control treatments. I extracted DNA from
liver tissue using DNeasy Blood and Tissue Kits (Qiagen, Hilden, Germany). Gloves were
changed and all instruments, tools, and surfaces were cleaned and soaked with a 10% bleach
solution between samples to prevent cross-contamination. I ran extracted samples on a
NanoDrop 2000c (Thermo Scientific, Illinois, USA) to both confirm and quantify genomic DNA
presence. Dissected tissue samples and eluted DNA were stored at -80°C. I used the qPCR
developed by Forson and Storfer (2006). The assay targets a highly conserved region of the
major capsid protein in the ranavirus genome. For each reaction, I added 6.25 µL of
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SsoAdvancedTM Universal Probes Supermix (Bio-Rad Laboratories, California, USA), 0.1125
µL of forward and reverse primers, 0.0313 µL of and the fluorescent probe, 3.49 µL of reverse
osmosis water, and 2.5 µL of template. I used a CFX ConnectTM (Bio-Rad Laboratories, CA,
USA) to run the qPCR. I ran each plate with four standards containing known concentrations of
the target sequence and a negative control containing reverse osmosis water as template. I ran
each sample in duplicate and averaged their results for viral load calculation. The number of
copies of ranavirus DNA (viral copies µL-1) for each individual was calculated and then divided
by the total DNA present in that sample (ng DNA µL-1) to obtain viral load (viral copies ng
DNA-1).
Statistical Analyses
In each set of experiments, metabolic rate (mL/hr) was the dependent variable. I multiplied
the individual metabolic rates (mL/g/hr) obtained from AutoResp by the body mass (g) of each
individual to obtain a mass-independent measure of oxygen consumption. I then included body
mass as a covariate in my analyses to account for its non-linear influence on metabolic rate
(Packard and Boardman 1988, Hopkins et al. 1999, Gillooly et al. 2001). I included run instead of
temperature in the analyses because temperature was correlated with run on each testing date. For
the carbaryl experiments, I used linear mixed effects models to examine differences in metabolic
rate based on carbaryl treatment. I included respirometer run nested within testing day as a random
effect in the analyses. I used Tukey's HSD to conduct pairwise comparisons of treatment. For the
virus experiments, I used analysis of variance (ANOVA) tests to identify differences in metabolic
rates based on infection status, testing date, and the interaction between them. I included run as a
random effect in all virus analyses. I used ANOVA to assess the effect of testing date on viral load
with Tukey's HSD for pairwise comparisons of days. I examined the effect of viral load on
metabolic rate using a linear mixed effects model with testing date as a covariate and run as a
random effect. Viral load was log-transformed in all analyses. I used R version 3.2.1 for all
statistical testing, and the package 'nlme' for linear mixed effects models.

1.4

Results

Carbaryl treatment significantly decreased metabolic rate in wood and bullfrogs (F3,70 = 3.14,
P = 0.031 and F3,73 = 6.36, P ≤0.001), but not in leopard frogs and tiger salamanders (F3,68 = 1.40,
P = 0.250 and F3,69 = 0.54, P = 0.656). For wood frogs, metabolic rates were 29 – 36% lower in
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the acute treatment compared to the other three treatments. For bullfrogs, metabolic rates were 17
– 23% lower in the acute treatment compared to control and chronic low treatments. There was no
difference between the acute and chronic high treatments. Although my main analyses did not find
an overall effect of treatment in leopard frogs and tiger salamanders, there was a trend for lower
metabolic rates in the acute treatment compared to the control (Figure 1.1).
Ranavirus prevalence in exposed and tested wood frogs, chorus frogs, and gray treefrogs
tested was 100%, 17%, and 32%, respectively. There was no infection in the subset of control
individuals tested for any species. Infected wood frogs exhibited 31% lower metabolic rates than
control individuals (Figure 1.2). While viral load was not a significant predictor of metabolic rate
(F1,30 = 3.11, P = 0.088), viral loads varied by day in wood frogs (F3,30 = 12.43, P < 0.001). Viral
load was 47 – 57% lower on day 5 compared to the other days (Figure 1.3). However, load did not
vary across the remaining days. The metabolic rates of infected chorus and treefrogs did not differ
from the controls (Figure 1.4). However, exposed chorus frogs in which infection was not
detectable exhibited lower metabolic rates than controls. For treefrogs, exposed but uninfected
individuals did not differ from controls in metabolic rate. Lastly, the metabolic rates of infected
treefrogs and chorus frogs did not differ from individuals that were exposed but uninfected (Table
1.4; F1,39 ≤0.01, P = 0.962 and F1,36 = 0.12, P = 0.736, respectively).

1.5

Discussion

Examining metabolic rate can provide insights into the physiological response of individuals
to stimuli. I examined the effect of two common stressors on the routine metabolic rates (RMR)
of larval amphibians using respirometry. I found that ranavirus infection and acute exposure to the
insecticide carbaryl significantly lowered RMR in multiple species. However, I did not observe
significant metabolic trends when individuals were chronically exposed to two concentrations of
carbaryl. A reduction in metabolic rate may be associated with energetic tradeoffs made by the
individual to clear the virus or chemical, which may have important fitness implications.
In the carbaryl experiments, I found that acute exposure significantly lowered RMR relative
to controls in two species, with similar trends in the others. These results may be a result of
behavioral alterations caused by the high concentration of pesticide. Although I did not monitor
behavior, substantial reductions in tadpole activity have been documented at similar concentrations
to the acute treatment (Bridges 1997). Carbaryl is also a neurotoxin that impairs nerve function,
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and flaccid paralysis was observed in frogs injected with sublethal levels of carbaryl (Kumari and
Sinha 2009). It is unclear whether individuals were adjusting their behavior in response to the
contaminant or if their behavior was a side effect of exposure. More work is needed to address the
spectrum of neurotoxic effects induced by carbaryl exposure in amphibians. Whether or not
individuals experience paralysis or simply reduce spontaneous behavior to conserve energy,
decreased activity has important fitness consequences. Activity in larval amphibians is strongly
correlated with feeding levels (Horat and Semlitsch 1994), which have clear effects on growth,
development, and time to metamorphosis. Individuals that are smaller at metamorphosis or reach
metamorphosis later have been shown to be slower in reaching reproductive maturity (Smith 1987).
Thus, exposure to chemical contaminants is capable of initiating effects that can ultimately reduce
long-term fitness.
In contrast to the acute effects of carbaryl exposure, there was no evidence that chronic
exposure altered metabolic rate. These results suggest that chronic exposure to low concentrations
of carbaryl has a minimal effect on RMR, though additional work is necessary to examine its
impact on SMR and other measures of metabolism. However, synergistic interactions with other
stressors have been documented at low concentrations of carbaryl. For example, carbaryl exposure
has been shown to increase susceptibility of tadpoles to echinostome infection (Rohr et al. 2008).
Moreover, sublethal concentrations of carbaryl were deadlier in the presence of predator cues
(Relyea 2003). Future work should seek to address the physiological mechanisms behind this
synergy and how metabolism is impacted. Tolerance may also play a role in the response to
chemical exposure. Several studies have documented the ability of amphibians to evolve tolerance
to agrochemicals at the species and population levels (Bridges and Semlitsch 2000, Cothran et al.
2013, Hua et al. 2015). Evolved tolerance may alter the energetic cost of chemical exposure, and
is therefore important to consider in examining the impact of contaminants.
In the ranavirus experiments, infected wood frogs exhibited a significant reduction in RMR
relative to controls. However, I did not observe a correlation between viral load and metabolic rate.
Given that wood frogs are highly susceptible to ranavirus and viral loads had plateaued by day 6
post-exposure, it is possible that the physiological effects of infection had peaked earlier during
infection. Additional experiments focusing on the earlier stages of infection will be necessary to
address this prediction. Infected treefrogs and chorus frogs did not have significantly lower
metabolic rates. However, I detected infection in less than half of exposed individuals for these
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species, which limited my sample size and ability to detect effects. Given the lower susceptibility
of these species to ranavirus, future studies should increase overall sample size to account for
variation in infection prevalence.
A reduction in RMR in response to both carbaryl and ranavirus suggests energetic tradeoffs
may be occurring within affected individuals. The dynamic energy budget (DEB) model
(Kooijman 2010) asserts that maintenance, growth, and other physiological processes compete for
energy allocation from stored reserves. The presence of ranavirus and the acute concentration of
carbaryl may have introduced additional energetic demands, disrupting the individual's ability to
maintain a normal metabolic balance by depleting energy reserves. Parasites utilize the resources
of their host, creating competition for energy, while contaminant exposure increases the activity
of detoxifying enzymes (Hall et al. 2007, Oziolor et al. 2017). In turn, this may have necessitated
compensatory responses (e.g., behavioral adjustments) as the individuals attempted to regain
energetic homeostasis. This process was documented in other aquatic species that reduced
metabolic rates under stress (Kidder et al. 2006, Sokolova et al. 2012). In contrast, the chronic
carbaryl concentrations may have been low enough that energy reserves were sufficient to cover
any metabolic costs associated with the contaminant, precluding a compensatory response.
Notably, this would result in less energy being allocated to growth or cellular maintenance, though
this experiment was not designed to assess such tradeoffs. Future work examining SMR in
amphibians would aid in clarifying their energetics under stress.
Given that organisms may alter their behavior in an attempt to balance their energy
expenditure, it is important to carefully consider methodology when conducting experiments
examining metabolic rate. There are inherent challenges in controlling behavior, as handling or
confinement can introduce additional stress and alter metabolic rate. Importantly, behavioral
effects could play an important role in the equivocal results obtained from experiments examining
the effect of disease and contaminants on metabolic rate. Although the hypotheses tested in these
experiments differed, an examination of their methodology may partially explain the wide range
of results. For example, in multiple studies that found an infection-associated increase in metabolic
rate, the individuals had access to food up until they were tested (Delahay et al. 1995, Khokhlova
et al. 2002). Because feeding activity and digestion increase metabolic rate, it is possible that
differences in food consumption across individuals could mask the metabolic trends driven by
disease. Similarly, studies on the effects of chemicals on metabolic rate often test individuals taken

14
from contaminated sites in the wild (Rowe et al. 1998, Amaral et al. 2012), where they may have
been subjected to numerous factors that could influence their metabolism. These approaches are
not flawed, as each experiment was designed to address specific hypotheses, but methodology
should be examined prior to drawing conclusions on experimental results and comparing across
studies.
The physiological response of an individual to the environment can have consequences for
their metabolic rate and energy budget. These experiments demonstrated that two stressors
decreased routine metabolic rate. This suggests that reduced activity overshadows the additional
energetic costs associated with both contaminants and disease, but it raises important questions
about energetic tradeoffs. Moving forward, it will be important to design experiments that quantify
factors such as food intake and behavior so they may be incorporated into metabolic assessment.
Moreover, longer-term studies would be useful in assessing the impact of chronic stressors on the
fitness of larval amphibians. Ultimately, examining metabolic rate can provide valuable insight
into the physiological effects of stress.

1.6
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Table 1.1. Collection locations and collection dates for all species used in respirometry
experiments. PWA (Purdue Wildlife Area) and ARL (Aquaculture Research Laboratory)
are both located in West Lafayette, IN.
Species
Wood Frog
Tiger Salamander
Leopard Frog
Chorus Frog
Gray Treefrog
Bullfrog
*Egg masses

Location
Nashville, IN
PWA
PWA
PWA
PWA
ARL

Life Stage
Embryo
Embryo
Embryo
Embryo
Larvae
Larvae

Collected
4 partial*
60 full*
18 partial*
58 full
200 larvae
100 larvae

Date
21 February
1-9 March
24-26 March
25-26 March
20 June
29 July
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Table 1.2. Average start time and water bath temperature for each species in respirometry
experiments. Start time average is listed as time of day with standard error in minutes.
Data are means ± 1 SE.

Experiment Species
Carbaryl

Ranavirus

Start Time

Temperature (°C)

Average

SE

Average

SE

Wood Frog

13:06

0:38

17.68

0.082

Leopard Frog

12:13

0:36

18.01

0.060

Bullfrog

13:22

0:37

20.00

0.043

Tiger Salamander 13:00

0:14

19.51

0.026

Wood Frog

12:43

0:28

18.14

0.046

Chorus Frog

12:44

1:08

18.26

0.047

Treefrog

12:07

0:19

18.93

0.041

Table 1.3. Gosner stage, snout-vent length (SVL), and total length (TL), and mass of individuals used in respirometry experiments.
SVL and TL are listed in millimeters and mass is listed in grams. Data are mean ± 1 SE.
Experiment Species

Carbaryl

Ranavirus

Gosner Stage

SVL (mm)

TL (mm)

Mass (g)

Average

SE

Average

SE

Average

SE

Average

SE

Wood Frog

35.00

0.22

10.72

0.09

31.31

0.34

0.225

0.006

Leopard Frog

27.78

0.12

11.74

0.14

31.38

0.43

0.335

0.011

Bullfrog

31.38

0.33

27.88

0.30

72.08

0.73

3.402

0.085

Tiger
Salamander

41.00

0.00

58.19

0.42

103.02

0.72

7.218

0.148

Wood Frog

29.85

0.23

8.76

0.11

24.85

0.35

0.125

0.005

Chorus Frog

36.78

0.16

8.33

0.09

24.14

0.28

0.137

0.005

Treefrog

34.45

0.28

12.45

0.14

32.37

0.46

0.365

0.012

24

25

Table 1.4 Summary of ANOVA results on the effect of ranavirus treatment, day, their
interaction, and mass on metabolic rate (mL/hr). Infected columns contain individuals in
which ranavirus was detected. Uninfected columns contain individuals exposed to ranavirus
in which viral loads were not detectable. 100% of wood frogs became infected upon exposure,
precluding analyses on uninfected individuals.

Infected
Species
Wood Frogs

Chorus Frogs

Treefrogs

df
Virus
Day
Virus*Day
Mass
Virus
Day
Virus*Day
Mass
Virus
Day
Virus*Day
Mass

1,67
1,67
1,67
1,67
1,50
1,50
1,50
1,50
1,52
1,52
1,52
1,52

Uninfected

F

P

9.20
9.44
0.17
18.09
1.47
7.93
0.61
6.97
0.88
0.47
44.19
0.94

0.003
0.003
0.682
< 0.001
0.231
0.007
0.437
0.011
0.352
0.494
0.335
< 0.001

df
1,77
1,77
1,77
1,77
1,68
1,68
1,68
1,68

F

P

5.09
4.94
2.00
3.32
0.01
5.87
1.12
68.49

0.027
0.029
0.162
0.072
0.938
0.018
0.294
< 0.001
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Figure 1.1 Average metabolic rate (mL/hr) of all species by
treatment in carbaryl experiments. Points that share a letter are not
significantly different (Tukey’s HSD; p < 0.05). Control, low
chronic, high chronic, and acute treatment groups were exposed to
0, 0.5, 2, and 4 ppm, respectively. Data are least-squares means ± 1
SE corrected for body mass.

27

0 .006 ~ - - - - - - - - - - - - - - - - - - - - - ~

0.005
□
■

.........
,.__

Control
Virus

..c

i

0.004

.__.
C

- 0.003

,Q

c..
~
CJ')

C

0
(..)
C

~

0.002

>,

X

0

0.001

0.000 ...,__ __,__
5

6

7

8

Day Post-Exposure
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least-squares means ± 1 SE corrected for body mass.

30

CHAPTER 2.
HEALTHY BUT SMALLER HERDS: THE EFFECT OF
PREDATORS ON PATHOGEN TRANSMISSION IN AN AMPHIBIAN
ASSEMBLAGE

2.1

Abstract

Predators and pathogens are fundamental components of ecological communities that have been
extensively studied in ecology. Although these groups have traditionally been examined in
isolation, they have the potential to influence each other within communities via their interactions
with hosts or prey, and initiate density- and trait-mediated effects. I investigated the interactive
effects of predatory dragonflies (caged or lethal [free-ranging]) and a viral pathogen, ranavirus, on
larval amphibians (gray treefrogs and northern leopard frogs) using a semi-natural mesocosm
experiment. I found that lethal predators reduced ranavirus infection prevalence by 57 – 83%
compared to treatments with no predators or caged predators. These results suggest that dragonflies
could play an important role in reducing disease risk within amphibian communities (i.e. healthy
herd hypothesis). Reduced infection prevalence appeared to be driven by the strong effect of lethal
predators on tadpole survival rather than their effect on tadpole behavior. Specifically, survival
and infection prevalence were relatively high in no-predator and caged-predator treatments, but
both were low in lethal-predator treatments. At the same time, tadpole activity was reduced in both
caged- and lethal-predator treatments, suggesting activity had a minimal role in altering virus
transmission. I found no evidence that virus exposure or infection altered the inducible defenses
of tadpoles in response to predators. Lastly, predators initiated a trophic cascade while ranavirus
did not. Periphyton biomass was 117 and 68% higher in the lethal-predator treatment than in the
no-predator and caged-predator treatments, respectively. Collectively, my results provide support
for the healthy herd hypothesis in amphibian communities and underscore the importance of
examining the interactions between predators and pathogens.
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2.2

Introduction

The influence of natural enemies (e.g., predators, pathogens) on their victims and
associated communities has received considerable research attention for decades (Abrams and
Ginzburg 2000, Hudson et al. 2002). Natural enemies can influence the structure and function of
communities via direct and indirect interactions with their victims, and may also result in additive
or synergistic effects on community dynamics through their interactions with one another (Sih et
al. 1998, Werner and Peacor 2003, Keesing et al. 2006). Because natural enemies frequently cooccur in communities, there is a need to determine whether and how multiple natural enemies
simultaneously influence food web dynamics to inform ecological theory and advance the field of
natural enemy ecology.
Predators have the potential to influence disease dynamics through their effect on prey
density and their traits (e.g., phenotypic plasticity). For instance, a reduction in host density via
predation can lower pathogen transmission by reducing contact rates between competent hosts
(Lafferty 2004, Ostfeld and Holt 2004). Moreover, some predators selectively remove infected
hosts, and therefore disease, from a system because those afflicted individuals lack the resources
to mount sufficient anti-predator defenses (Lefcort and Eiger 1993, Joly and Messier 2004). Even
non-selective predation reduces disease in prey populations by shortening the average lifespan of
infected individuals (Packer et al. 2003). Beyond density effects, predators alter the traits of their
victims in many systems (Lima 1998, Werner and Peacor 2003). Although such defensive
strategies can reduce the risk of predation, they can also alter the interaction between hosts and
their pathogens (Barry 1994, Nakaoka 2000). For example, a predator-associated reduction in
activity decreased encounter rates between parasites and larval amphibians thereby lowering
transmission rates (Orlofske et al. 2012). Alternatively, Daphnia that grow larger in response to
predator cues have an increased susceptibility to pathogens as a result of higher foraging rates that
increase contact with infectious spores (Duffy et al. 2011). While both density- and trait-mediated
effects of predators on host-pathogen interactions have been explored, the relative contributions
of these effects to disease dynamics need to be examined (Raffel et al. 2008).
Similar to predators, pathogens can affect rates of predation by inducing changes in traits
and reducing densities of their hosts. The ability of trophically-transmitted parasites to manipulate
the behavior of their host to increase predation rates, and therefore transmission to a definitive host,
is well-documented (Cezilly and Perrot-Minnot 2005). Conversely, predators might avoid infected
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prey, particularly if the pathogen is infectious to them (Meyling and Pell 2006). Although
behavioral changes are often induced in order to maximize parasite fitness, some traits are simply
a byproduct of infection (Adelman and Martin 2009). Sickness behaviors such as lethargy and
decreased foraging can have positive or negative effects on predation rates (Hoverman and Searle
2016). In terms of density effects, theory suggests that parasites regulate the population oscillations
associated with predator-prey relationships (Grenfell 1992, Ives and Murray 1997), with the
extreme occurring when pathogen-induced crashes in prey populations concomitantly decrease
predator populations that rely heavily on the host (Calvete 2006). Thus, pathogen-mediated
mortality has the potential to alter predator-prey interactions (Hatcher et al. 2006). The diversity
of potential effects of pathogens on predator-prey interactions underscores both the challenge and
importance of research on natural enemy ecology.
The effects of natural enemies on food webs have been extensively explored in the
literature (Drossel et al. 2001, Lafferty et al. 2008) and trophic cascades have been documented in
many systems (Pace et al. 1999, Schmitz et al. 2000). For instance, the loss of top predators (trophic
downgrading) from terrestrial systems has resulted in over-grazing by herbivores and dramatic
shifts in plant communities (Heithaus et al. 2014). Given that both predators and pathogens can
reduce the density of their victims and alter their traits, there is the potential for their presence to
influence food web dynamics and initiate trophic cascades. However, few studies have compared
the separate and combined effects of multiple natural enemies on the same food web. Predation is
likely to have a more pronounced effect on a food web due to the immediate removal of prey from
the community. In contrast, pathogen-mediated effects are likely to progress at a slower rate, as
diseases often manifest slowly and are not always lethal to the host. Infected individuals can
therefore continue to interact within their communities and contribute to food web dynamics.
Predators and pathogens may have additive or synergistic effects in combination, and assessing
how they affect their communities is an important component of studies on natural enemies.
Amphibians provide an excellent system for studying natural enemy ecology because they
commonly encounter concurrent predation and disease threats as larvae in aquatic communities.
In particular, larval dragonflies (Anax spp.) and the viral pathogen ranavirus are widespread and
common enemies in North American wetlands (Van Buskirk 1988, Gray and Chinchar 2015).
Moreover, there is a rich literature addressing the effects of these natural enemies on tadpoles.
Larval dragonflies are voracious predators that consume several tadpoles per hour in laboratory
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experiments (Relyea 2001). Tadpoles exhibit decreased activity and morphological changes (e.g.,
smaller bodies, deeper tails) in response to predator cues that function to reduce predation rates
(Skelly 1994, Van Buskirk 2002). At the community level, density- and trait-mediated indirect
effects of predators on primary producers have been documented (Bernot and Turner 2001, Chase
2003). Ranavirus is a hemorrhagic viral pathogen capable of devastating larval amphibian
populations (Daszak et al. 1999, Miller et al. 2011). Although ranavirus is a multi-host pathogen,
amphibian species vary dramatically in infection and disease outcomes (Hoverman et al. 2011).
Ranavirus spreads between individuals via direct contact, contaminated water, fomites, or
necrophagy (Brunner et al. 2007). Individuals become lethargic upon infection and mortality can
occur 7 – 10 days post-infection (Miller et al. 2011).
I examined the interactive effects of predators and ranavirus on a tadpole assemblage using
a semi-natural mesocosm experiment. My first objective was to determine whether predators
influenced ranavirus transmission within the tadpole assemblage. I included caged and freeranging (lethal) predator treatments to assess whether effects were mediated by changes in tadpole
behavior or changes in tadpole density. Given that tadpoles generally reduce activity levels under
the threat of predation and the role of direct contact in ranavirus transmission, I predicted that the
presence of caged predators would decrease ranavirus prevalence in the assemblage. With lethal
predators, I expected the combination of reduced tadpole activity and lower host densities to
further reduce ranavirus transmission. My second objective was to determine whether ranavirus
infection altered the ability of tadpoles to form inducible defenses against predators. Because
infection is likely to alter the allocation of energy and resources of the host (Lochmiller and
Deerenberg 2000), I predicted that the magnitude of inducible defenses would be reduced for
infected individuals. My last objective was to quantify the strength of trophic cascades initiated by
natural enemies as measured by primary productivity. A key difference between pathogen- and
predator-induced trophic cascades may be in how quickly the response occurs. Tadpoles typically
respond rapidly (e.g., seconds, minutes) to the presence of predators by altering behavior (e.g.,
habitat use, activity level) and prey are immediately removed by the predator. As a result, I
expected an immediate positive effect on the prey’s resource. In contrast, I expected pathogeninduced trophic cascades to develop more gradually because of slower transmission dynamics and
disease progression. Both of these factors were hypothesized to increase the time between initial
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introduction of the pathogen in the system and effects on host behavior and/or density resulting in
a trophic cascade.

2.3
2.3.1

Materials and Methods

Focal species
My amphibian assemblage included northern leopard frogs (Lithobates pipiens) and gray

treefrogs (Hyla versicolor), which were collected from the Purdue Wildlife Area (PWA) in West
Lafayette, IN. I collected 8 partial leopard frog egg masses and 25 treefrog breeding pairs on 9
March and 9-10 May 2016, respectively. I housed leopard frog egg masses in separate, outdoor
200-L culture tanks and checked their health and development daily. For treefrogs, I collected and
placed each breeding pair into a 15-L tub containing 8 L of UV-irradiated, filtered well water to
oviposit. I maintained eggs in the tubs until hatching and then transferred them to culture tanks. I
also included wood frogs (Lithobates sylvaticus) to serve as the initial source of ranavirus infection
in the experiment. I collected 10 partial wood frog egg masses on 9 March from a forested wetland
in Nashville, IN and housed them in culture tanks. Once tadpoles were free-swimming, they were
fed ad libitum with either Tetramin (for early stage treefrogs; Tetra, Virginia, USA) or rabbit chow
(Purina, Missouri, USA) until used in the experiments.
2.3.2

Experimental setup
I conducted my outdoor mesocosm experiment at the PWA from May-June 2016. The

experimental design was a factorial combination of two ranavirus treatments (present and absent)
crossed with three predator treatments (absent, caged, and lethal). The six treatments were
replicated 10 times for a total of 60 experimental units. My experimental units were 1,200-L cattle
tanks (Rubbermaid, Georgia, USA), filled with 500 L of well water on 2 and 3 May, and covered
with 70% shade cloth lids. I arranged the tanks into a 5x12 grid and randomly assigned two
replicates of each treatment to each of the five blocks. To each tank, I added 150 g of dry oak
leaves (Quercus spp.) for refuge and 30 g of rabbit chow as an initial nutrient source. I also added
1 L of water from nearby ponds to inoculate the tanks with phytoplankton and periphyton, and
added 180 mL of concentrated zooplankton. I sorted and removed all potential tadpole and
zooplankton predators by hand and by straining through a 1 mm sieve. I added two clay tiles (10
x 10 cm) facing south against the inside of each tank to monitor periphyton growth during the
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experiment. I allowed the algal and zooplankton communities to establish for 3 wk prior to the
start of the experiment. On 1 June, I added 30 leopard frogs (79.4 ± 5.6 mg; median Gosner stage
25, range 25-26) and 30 treefrogs (34.1 ± 1.7 mg; median Gosner stage 26, range 25-27) to each
tank. In the laboratory, I set aside a sample of 30 individuals for each species to monitor mortality
due to handling; all individuals survived for 24 hr.
For the virus treatments, I added previously infected or uninfected wood frog tadpoles to
the experimental units. This approach simulates natural routes of ranavirus transmission (e.g.,
direct contact, necrophagy, shed virions in the water) and has proven successful in previous
experiments (Wuerthner et al. 2017). I began by setting up 15-L tubs under a 12:12 day:night cycle
at 21°C (n = 8 tubs) in the laboratory. The tubs were filled with 4 L of UV-irradiated filtered well
water 24 hr prior to introducing wood frogs to allow the water to equilibrate To each tub, I then
added 45 wood frog tadpoles (156.5 ± 9.4 mg; median Gosner stage 31, range 28-36). I used a
ranavirus strain isolated from an infected green frog found at the PWA (Pochini and Hoverman
2017). I cultured the virus on fathead minnow cells and Eagle’s minimum essential media
containing 5% fetal bovine serum (MEM) to a titer of 1.3 x 106 PFU mL-1. On 31 May, I inoculated
four wood frogs tubs with 3.076 mL of ranavirus to achieve a final concentration 103 PFU mL-1.
The remaining tubs received 3.076 mL of sterile MEM and served as my controls. After 24 hours,
I added 3 L of water to the tubs to bring the volume to 7 L and the tadpoles were maintained in the
laboratory for 3 d before being released into the experimental units. On 3 June (day 1 of
experiment), I pooled together all the individuals that were either exposed or not exposed to virus
into separate tubs. I then randomly selected five infected individuals for addition to each virus tank
and five uninfected individuals for addition to the no-virus tanks. In the laboratory, I set aside a
sample of 20 individuals per exposure treatment to monitor mortality due to handling; all
individuals survived for 24 hr.
My focal predators were dragonfly larvae (Anax spp.), which were collected from nearby
permanent ponds at PWA. Individuals were housed in 500 mL of UV-irradiated, filtered well water
in the laboratory and fed treefrog tadpoles until the start of the experiment. To each tank, I added
a single predator cage constructed from 7.5-cm diameter polyethylene corrugated drainage pipe
with 10-cm squares of window screen secured on each end with rubber bands. Predator cages allow
chemical cues released by predators to permeate throughout the tank (Schoeppner and Relyea
2009). I placed a 2.5-cm cube of polystyrene foam into each cage to provide buoyancy, and prevent
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cages from sinking. On 1 June, I placed all the predators into their cages, fed them 800 mg total
combined biomass of leopard and treefrog tadpoles, and placed the cages into the appropriate
treatment tanks (i.e. lethal- and caged- predator treatments). I also placed empty cages into the nopredator treatment tanks. I maintained the predators in the cages for 2 d to monitor feeding, and
those that did not eat were replaced. For the lethal-predator treatment, the predator was released
from the cage after 2 d (day 1 of experiment). For the caged-predator treatment, I fed each predator
800 mg of total tadpole biomass three times per week. Caged predators were replaced if no tadpoles
were consumed from the previous feeding. To equalize disturbance among treatments, I briefly
lifted and replaced all empty cages in replicates of the no-predator treatment.
On day 10, I destructively sampled half of the experimental units (1 replicate per treatment
per block). I removed all tadpoles from each tank, euthanized them using MS-222, and preserved
them in 70% ethanol. Additionally, I removed one clay tile from each tank to quantify periphyton
biomass. The tiles were scrubbed using a toothbrush inside plastic bags with 200 mL UV-irradiated,
filtered water to remove the attached periphyton. The water containing the suspended periphyton
was then vacuum pumped through a dried, pre-weighed 90 mm A/E filter (Pall Corporation, New
York, USA). I dried the filters in a drying oven for 24 hours at 80°C and then weighed the filter to
determine periphyton dry weight on each tile. On day 20, the remaining experimental units were
taken down following the same protocol.
2.3.3

Tadpole behavior
I observed tadpole behavior on days 5 and 12 (at ~11:00 h) of the experiment using scan

sampling (Orlofske et al. 2014). Observers walked around each tank while recording the number
of visible tadpoles and the proportion of those tadpoles that were actively swimming or foraging.
Within each observation period, I conducted 10 observations of each tank with up to five different
observers. Because I was unable to reliably differentiate between species in the tanks, my estimates
of tadpole behavior were pooled across the species. I only observed the tanks that were
destructively sampled on day 10 during behavioral observations on day 5 while I only observed
the tanks that were sampled on day 20 during behavioral observations on day 12.

37
2.3.4

Tadpole morphology and ranavirus infection determination
I identified individuals to species to determine survival during the experiment. Additionally,

I recorded mass, developmental stage (Gosner 1960), body length, and tail depth of each individual.
I obtained body length and tail depth using ImageJ on photographs that included a 150-millimeter
ruler for scale. To determine infection status and load, I dissected all individuals from the virus
treatments and two randomly-selected individuals of each species from the no-virus treatments. I
removed a section of the liver for DNA extractions using DNeasy Blood and Tissue Kits (Qiagen,
Hilden, Germany). I changed gloves, and cleaned and soaked all instruments, tools, and surfaces
with a 10% bleach solution between samples to prevent cross-contamination. I ran extracted DNA
samples with a NanoDrop 2000c (Thermo Fisher Scientific, Massachusetts, USA) to both confirm
and quantify genomic DNA presence. I stored eluted DNA and dissected tissue samples at -80°C.
I followed the protocol for qPCR developed by Forson and Storfer (2006). For each
reaction, I added 6.25 µL of SsoAdvancedTM Universal Probes Supermix (Bio-Rad Laboratories,
California, USA), 0.1125 µL of forward and reverse primers, 0.0313 µL of fluorescent probe, 3.49
µL of reverse osmosis water, and 2.5 µL of template. I used a CFX ConnectTM (Bio-Rad
Laboratories, California, USA) to conduct qPCR. I ran each plate with four standards containing
known concentrations of the target sequence and a negative control containing reverse osmosis
water as template. I ran each sample in duplicate and averaged their results in determining viral
load. I calculated the number of copies of ranavirus DNA (viral copies µL-1) for each individual
and then divided by the total DNA present in that sample (ng DNA µL-1) to obtain viral load (viral
copies ng DNA-1).
2.3.5

Statistical analyses
My response variables were tadpole behavior (number seen and activity), individual-level

trait values (stage, mass, body length, and tail depth), survival, infection, and periphyton biomass.
I used analysis of variance (ANOVA) to examine the additive and interactive influence of
takedown day, predator treatment, and virus exposure on tadpole behavior, survival, viral load,
and periphyton biomass. Therefore, I included terms for takedown day, predator and virus
treatments, and all possible interactions among the three terms in the model. Following ANOVA
tests, I conducted pairwise comparisons using Tukey’s HSD (Zar 1999). I used univariate linear
mixed-effects models in R package ‘lme’ to investigate the influence of predator treatment, virus
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exposure, and their interactions, on body mass, stage, body length, and tail depth (individual-level
traits). I conducted separate analyses per takedown day and per species because I anticipated large
differences between morphological traits of tadpoles between both species and takedown day, as
well as to make models more tractable (day 10 and 20; Bates 2005, Zuur et al. 2009). For body
length and tail depth, I accounted for mass and included it as a fixed effect in my models because
it was strongly correlated (P < 0.001, ρ> 0.72) with traits (Pearson’s correlation coefficient; Zar
1999, Zuur et al. 2009). I nested observations within tanks that individuals were sampled from,
and included it as a random effect, to account for dependence among individuals from the same
tanks (Zuur et al. 2009). I tested for interactions between predator and virus treatments on
individual-level trait values by comparing additive (predator + virus) and interactive models
(predator + virus + predator*virus) with Akaike Information Criterion (AIC; Burnham and
Anderson 2004). I selected the reduced additive models unless AIC of interactive models was ≥ 4
AIC units fewer, and interactive terms were statistically significant (P < 0.10; Anderson and
Burnham 2002). I also used univariate linear mixed-effects models to investigate the influence of
infection status (infected or not) on body mass, stage, length, and tail depth. I accounted for mass,
and nested observations within tanks, as described above. I log-transformed individual-level
variables to meet statistical assumptions of normality if necessary. I conducted all analyses in SPSS
v24 (IBM Corp. 2016) or Program R v 3.4.1 (R Core Team 2016).

2.4
2.4.1

Results

Infection prevalence and viral load
For both leopard frogs and treefrogs, infection prevalence was affected by predators (F2,24

≥ 6.9, P ≤ 0.004) but not day (F1,24 ≤ 0.3, P ≥ 0.57) or the interaction (Figure 2.1; F2,48 ≤ 1.7, P ≥
0.204). Similar responses to the predator treatments were observed for both species; infection
prevalence was 57–83% lower in the lethal predator treatment compared to the no-predator and
caged-predator treatment (P ≤ 0.006). There was no difference in infection prevalence between the
no-predator and caged-predator treatment (P ≥ 0.328). Infection prevalence was 60% lower in
leopard frogs compared to treefrogs, pooled across all treatments. Finally, there was no effect of
predators (F1,16 ≤ 1.7, P ≥ 0.314), day (F1,16 ≤ 4.3, P ≥ 0.053), or their interaction (F1,16 ≤ 0.2, P ≥
0.657) on viral load.
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2.4.2

Tadpole survival
Leopard frog survival was influenced by day, predators, and the predator-by-virus

interaction (Table 2.1, Figure 2.2). However, in the absence of predators and ranavirus, leopard
frog survival was high (89-92%) on both takedown days. Overall, survival was 11% lower on day
20 compared to day 10 (P = 0.043). Virus effects within the caged-predator treatment but not the
no-predator or lethal-predator treatment drove the predator-by-virus interaction. Within the cagedpredator treatment, survival was 19% lower in the virus treatment than the no-virus treatment (P =
0.017). Within each of the virus treatments, predator effects showed similar patterns. Survival was
59–66% lower in lethal-predator treatment compared to the caged-predator and no-predator
treatments (P < 0.001). Additionally, survival was 17% lower in the caged-predator treatment
compared to the no-predator treatment (P < 0.001).
Treefrog survival was influenced by the predator and virus treatment, and the predator-byvirus and day-by-predator interactions (Table 2.1, Figure 2.2). The day-by-predator interaction
was largely influenced by the caged-predator treatment wherein survival in the caged-predator
treatment was similar to the no-predator treatment, but higher than the lethal-predator treatment
on day 10. However, this pattern was reversed on day 20. The predator-by-virus interaction was
driven by virus effects within the no-predator and caged-predator treatments (P ≤ 0.018), but not
in the lethal-predator treatment (P = 0.892). In the former two treatments, survival was 29% lower
in the virus treatment compared to the no-virus treatment. Within each of the virus treatments,
predator effects showed similar patterns. Survival was 49 – 65% lower in lethal-predator treatment
compared to the caged-predator and no-predator treatments (P < 0.001). Additionally, survival was
17% lower in the caged-predator treatment compared to the no-predator treatment (P < 0.001).
Because wood frogs were largely eliminated from the virus treatment, my analysis
examined predator effects on wood frogs within the no-virus treatment. Wood frog survival was
affected by predators (F2,24 = 5.6, P = 0.01) and day (F1,24 = 9.8, P = 0.005) but not the interaction
(F2,48 = 1.2, P = 0.323). Survival was 61% lower on day 20 compared to day 10. Survival in the
lethal-predator treatment was 61% lower compared to the no-predator treatment (P = 0.003).
There was no difference in survival between the no-predator and caged-predator treatment (P =
0.057).
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2.4.3

Tadpole behavior
I examined treatment effects within each observation day because I found significant

effects of observation day (F2,47 = 6.4, P = 0.004), the day-by-predator interaction (F4,94 = 3.8, P =
0.006), and the day-by-virus interaction (F2,47 = 3.1, P = 0.054) on tadpole behavior. On both
observation days, tadpole behavior was influenced by the treatments (Table 2.2, Figure 2.3). On
day 5, the number of tadpoles seen and their activity levels were 45–65% lower in the caged- and
lethal-predator treatments compared to the no-predator treatment (P ≤ 0.003). However, there was
no difference in behavior between the caged- and lethal-predator treatments (P ≥ 0.303). On day
12, I found that predators influenced tadpole activity, but predators, virus, and their interaction
influenced the number of tadpoles seen. Tadpole activity was 25-73% lower in the caged and lethal
predator treatments compared to the no-predator treatment (P < 0.001). Additionally, tadpole
activity levels in the lethal predator treatment were 64% lower than in the caged-predator treatment
(P < 0.001). For the number of tadpoles seen, the predator-by-virus interaction was driven by virus
effects within the no-predator and caged-predator treatment but the absence of virus effects in the
lethal-predator treatment. In the no-predator and caged-predator treatments, I observed 33–47%
fewer tadpoles in the virus treatment compared to the no-virus treatment (P ≤ 0.063). Within each
of the virus treatments, caged and lethal predators treatments had 41–92% fewer tadpoles observed
compared to the no-predator treatment (P ≤ 0.002). Furthermore, the number of tadpoles seen was
73–87% lower in the lethal-predator treatment compared to the caged-predator treatment (P ≤
0.028).
2.4.4

Tadpole individual-level traits
Predator and virus treatments influenced individual-level traits of tadpoles throughout the

experiment, but trends differed between species and takedown days (Table 2.2 and 2.3; Figure 2.4).
I did not detect interactions between predator and virus treatments influencing any individual-level
traits and present results from additive models (Appendix Table 2.1). For both species on day 10,
tadpoles exposed to lethal predators had ~7% shorter bodies and ~32% deeper tails (P ≤ 0.001)
compared to tadpoles not exposed to predators. Additionally, leopard frog tadpoles exposed to
lethal predators had 9% lower stage than those not exposed to predators. Tadpoles of both species
that were exposed to virus had ~9% shorter bodies compared to tadpoles that were not exposed
virus (P < 0.001).
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On day 20, individual-level traits of tadpoles were influenced by exposure to predators (P
≤ 0.037), but not by exposure to virus (P > 0.09). Leopard frog tadpoles in lethal-predator
treatments had 6% higher stage, 138% greater mass, 3% shorter bodies, and 16% deeper tails (P ≤
0.037) than tadpoles in the no-predator treatment. Similarly, treefrog tadpoles in the lethal-predator
treatments had 58% greater mass and 38% deeper tails than tadpoles in the no-predator treatment
(P =0.001). Leopard frog tadpoles in caged-predator treatments had 6% greater stage and 56%
greater mass (P = 0.025) than tadpoles in the no-predator treatment. Treefrog tadpoles in cagedpredator treatment had 11% deeper tails and 2% shorter bodies compared to tadpoles in the nopredator treatment (P ≤ 0.015)
Only mass and tail depth of tadpoles were influenced by ranavirus infection, but this varied
between species and takedown date. On day 10, mass was 12 and 23% lower for leopard and
treefrogs, respectively, that were infected with ranavirus compared to uninfected tadpoles (P ≤
0.021). However, infected tadpoles of both species had 9% deeper tails than tadpoles that were not
infected on day 10 (P = 0.001). On day 20, only treefrog tadpoles that were infected with ranavirus
had 23% lower mass (P < 0.001), than those that were not infected. I did not detect any other
relationships between infection and individual-level traits for either species (P > 0.360).
Periphyton biomass
Periphyton biomass was influenced by day (F1,48 = 24.4, P < 0.001) and predator treatment
(F2,48 = 9.2, P < 0.001), but not by virus treatment or interactions among explanatory variables (F
≤ 1.4, P ≥ 0.262). Overall, periphyton biomass increased 93% between day 10 and 20 (Figure 2.5).
Periphyton biomass was 117 and 68% higher in the lethal-predator treatment than in the nopredator and caged-predator treatments, respectively (P ≤ 0.005). However, there was no
difference in periphyton biomass between the no-predator and caged-predator treatment (P =
0.234).

2.5

Discussion

Using a semi-natural mesocosm experiment, I found that the presence of predatory
dragonflies reduced the prevalence of the pathogen ranavirus in a larval amphibian assemblage.
Furthermore, I did not find any evidence that virus presence or infection altered tadpole inducible
defenses against predators. At the community level, predators caused trophic cascades (e.g.,
increased periphyton growth) via their negative effects on tadpole density. However, virus

42
exposure did not contribute to trophic cascades. The field of ecology has increasingly focused on
improving our understanding of how shared natural enemies of victim species influence
population- and community-level dynamics (Holt and Lawson 1994, Sih et al. 1998). Given the
effect predators had on infection, my results underscore the importance of examining these
interactions.
The healthy herd hypothesis posits that predators can reduce pathogen prevalence and
transmission rates by removing infected individuals from a community and/or reducing host
densities (Packer et al. 2003). My results suggest that predatory dragonflies keep tadpole 'herds'
healthy by reducing ranavirus transmission, as I observed a 57 to 83% reduction in infection
prevalence in the presence of lethal predators. In leopard frogs, infection prevalence was <4% with
lethal predators suggesting that predators may be capable of eliminating ranavirus from the system.
Theoretical models have demonstrated that a natural enemy may be excluded from a system if
victim density is reduced below a specific threshold by a second natural enemy (Anderson and
May 1986), though additional research is necessary to determine these thresholds in this system.
Given that numerous systems – including mine – contain multiple victim species, it will be critical
for future theoretical work to explore variation in traits within communities, such as the relative
susceptibilities of species to natural enemies. For example, a more diverse community including
highly susceptible species might maintain the pathogen in a system, as well as increase the
probability of spillover to less susceptible species.
A predator-associated reduction in pathogen prevalence can result from reduced host density,
altered host traits, or the selective consumption of infected individuals. My study was only
designed to examine the potential effects of changes in host density and host traits. Of these two
mechanisms, it appears that host density was the main driver of reduced infection prevalence. Early
in the experiment, when I expected most of the virus transmission to occur, I observed the same
trends in both survival and infection prevalence across predator treatments. More specifically,
survival and infection prevalence were relatively high in no-predator and caged-predator
treatments, but both were low in lethal-predator treatments. At the same time, tadpole activity was
reduced in both caged- and lethal-predator treatments, suggesting activity had a minimal role in
altering virus transmission. These patterns broke down later in the experiment because of increased
gray treefrog mortality and increased activity levels in caged-predator treatments. Although I did
not examine selective predation, it may have contributed to my results and warrants further
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research. Tadpoles infected with ranavirus often display erratic behavior that could make them
more easily detectable by predators (Gray et al. 2009). Both selective and non-selective predation
were shown to contribute to healthy herds, but the effect was most pronounced when infected
individuals were selectively removed (Packer et al. 2003).
In response to predators, many prey species express inducible defenses that reduce encounter
rates with predators or the probability of capture once detected (Harvell 1990). In my experiment,
tadpoles responded to both caged and lethal predators by increasing their use of refuges, reducing
activity levels, and developing smaller bodies with deeper tails. In the lethal predator treatments,
this could be the result of natural selection in addition to phenotypic plasticity. Collectively, these
findings are consistent with previous studies on tadpole responses to predators (Relyea 2001a, Van
Buskirk et al. 2003). Given that these induced traits are energetically costly to produce and
maintain (McCollum and Van Buskirk 1996), I expected virus exposure and infection to interfere
with their expression. However, I found no evidence that virus presence or infection altered the
formation of inducible defenses. Conversely, I observed an enhanced predator response in infected
tadpoles on day 10, as they had deeper tails than their uninfected counterparts. Although ranavirus
did not compromise inducible defenses, it did reduce tadpole growth. Virus infection could
therefore be altering resource allocation or host metabolism, as has been documented in other
systems (Lochmiller and Deerenberg 2000). Indeed, my respirometry experiments found a
reduction in wood frog metabolic rate upon infection.
Natural enemies are capable of initiating trophic cascades within communities through their
effects on host densities and traits. In my study, only lethal predators caused a trophic cascade, a
trend that appeared to be largely driven by tadpole density. This is consistent with other work that
has observed predator-initiated trophic cascade (Werner and Peacor 2006). Presumably as a result
of greater periphyton biomass and per-capita resource levels, surviving tadpoles were larger and
more developed with lethal predators. I did not observe a virus-associated trophic cascade, a result
that can be attributed to the weak effect of ranavirus on tadpole survival. I saw a more immediate
impact of dragonflies on tadpole density, as survival in lethal predator tanks decreased
significantly by day 10. Individuals exposed to virus continue to interact with their communities
as disease progresses. Moreover, infection does not always result in mortality. In contrast,
predation immediately removes individuals from the community and can alter the behavior of
remaining prey. Additional work exploring longer-term trophic effects as well as more diverse

44
assemblages would provide a better understanding of community-level ranavirus effects.
The healthy herd hypothesis is largely based on theoretical work (Packer et al. 2003, Hall et
al. 2005), though it has been documented in some aquatic field studies (Lafferty 2004, Duffy et al.
2005). My results provide empirical support for the healthy herd effect and underscore the
importance of examining the interactions between predators and pathogens. The ability of larval
dragonflies to influence ranavirus dynamics in this system suggests that they could play an
important role in altering disease dynamics in nature. However, future work that examines the
relationship between larval dragonfly abundance and infection prevalence in natural wetlands is
needed. Additionally, larval amphibians have a diversity of predators that vary in predation mode,
foraging rate, and risk level (Relyea 2001b). Given these differences among tadpole predators, I
would expect variation in whether particular predators can initiate the healthy herd effect and at
what magnitude. Such comparative studies are lacking in the literature to date but are needed to
broaden the knowledge base in natural enemy ecology. Notably, although predators did benefit the
amphibian assemblage by reducing infection, they significantly reduced tadpole survival. Thus,
there are tradeoffs associated with the interactive effects of natural enemies that influence
population-level dynamics. Future work should seek to examine the complexities associated with
the presence of multiple natural enemies in aquatic communities.
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Table 2.1 Results of ANOVAs on the effects of predator and virus treatments
on the survival of leopard frogs and gray treefrogs at the two takedown points
(days 10 and 20).
Leopard frogs

Treefrogs

df

F

P

F

P

Day

1

4.3

0.043

15.7

<0.001

Predator

2

97.3

<0.001

42.5

<0.001

Virus

1

3.5

0.066

15.7

<0.001

Day* Predator

2

0.3

0.712

3.5

0.038

Day*Virus

1

0.1

0.747

0.4

0.515

Predator*Virus

2

3.3

0.047

5.5

0.007

Day*Predator*Virus

2

0.2

0.853

0.8

0.437

Error

48
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Table 2.2 Results of MANOVA on the effects of predator and virus treatments on tadpole
behavior (tadpoles seen and activity) on day 5 and 12 of the experiment.
Multivariate test1

Day 5

Day 12

P

Univariate tests (P values)

df

F

Tadpoles seen

Activity

Predator

4,46

12.1

< 0.001

0.001

< 0.001

Virus

2,23

0.2

0.801

0.507

0.865

Predator*Virus

2,46

0.9

0.478

0.208

0.705

Predator

4,46

21.1

< 0.001

< 0.001

< 0.001

Virus

2,23

7.0

0.004

0.001

0.447

Predator*Virus

2,46

2.3

0.076

0.036

0.624

Table 2.3 Summary statistics for univariate linear mixed effects models investigating the influence of predator and virus treatments
on the on individual-level traits of northern leopard frog tadpoles (L. pipiens) on day 10 and 20. The reference level for all models is
the control, no-virus and no-predator, treatment.
Day 10
Trait

Treatment

Stage

Virus

Mass

Body Length

Tail depth

ß

SE

df

-0.26

0.45

26

Caged predator

-0.15

0.54

Lethal predator

-1.40

Virus

Day 20
t

P

ß

SE

-0.58

0.568

0.07

0.63

26

-0.27

0.787

1.81

0.56

26

-2.49

0.020

0.19

0.14

26

1.38

Caged predator

0.20

0.16

26

Lethal predator

-0.13

0.17

Virus

-0.08

Caged predator

df

t

P

27

0.10

0.918

0.73

27

2.49

0.019

2.65

0.79

493

3.35

0.001

0.181

0.13

0.16

27

0.83

0.413

1.19

0.243

0.44

0.19

27

2.37

0.025

26

-0.75

0.459

0.87

0.18

493

4.72

< 0.001

0.01

26

-5.98

< 0.001

0.01

0.01

27

0.57

0.576

-0.02

0. 02

26

-0.92

0.367

-0.02

0.01

27

-2.00

0.056

Lethal predator

-0.06

0.02

26

-3.67

0.001

-0.03

0.01

492

-2.10

0.037

Virus

-0.02

0.04

26

-0.59

0.559

-0.02

0.03

27

-0.73

0.474

Caged predator

0.07

0.04

26

1.71

0.098

0.06

0.03

27

1.89

0.070

Lethal predator

0.31

0.04

26

6.84

< 0.001

0.16

0.04

492

4.35

< 0.001
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Table 2.4 Summary statistics for univariate linear mixed effects models investigating the influence of predator and virus treatments
on the on individual-level traits of gray treefrog tadpoles (H. versicolor) on day 10 and 20. The reference level for all models is the
control, no-virus and no-predator, treatment.
Day 10

Day 20

Trait

Treatment

ß

SE

df

t

P

ß

SE

df

t

P

Stage

Virus

0.18

0.63

26

0.28

0.784

0.34

0.59

26

0.57

0.571

Caged predator

0.74

0.75

26

0.99

0.333

-0.17

0.71

26

-0.24

0.813

Lethal predator

-0.06

0.79

26

-0.08

0.939

-0.45

0.72

26

-0.63

0.534

Virus

0.04

0.04

26

0.81

0.428

0.02

0.09

26

0.23

0.818

Caged predator

0.03

0.05

26

0.48

0.638

0.17

0.11

26

1.60

0.121

Lethal predator

-0.10

0.06

26

-1.72

0.097

0.46

0.11

26

4.21

< 0.001

Virus

-0.09

0.01

26

-5.92

< 0.001

0.00

0.01

26

0.29

0.772

Caged predator

-0.03

0.02

26

-1.66

0.110

-0.02

0.01

26

-2.62

0.015

Lethal predator

-0.07

0.02

26

-3.59

0.001

0.00

0.01

26

0.21

0.832

Virus

0.00

0.04

26

-0.09

0.932

0.05

0.03

26

1.75

0.092

Caged predator

0.09

0.05

26

1.68

0.106

0.11

0.03

26

3.32

0.003

Lethal predator

0.32

0.05

26

6.02

< 0.001

0.14

0.04

26

3.66

0.001

Mass

Body Length

Tail depth
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Table 2.5 Summary statistics for univariate linear mixed effects models investigating the influence of infection on individual-level
traits of northern leopard frog (L. pipiens) and gray treefrog (H. versicolor) tadpoles on day 10 and 20. The reference level for models
represents tadpoles that were not infected with ranavirus.
Day 10
Species

Trait

Leopard frogs

Stage
Mass

Treefrogs

ß

Day 20

SE

df

t

P

-0.26

0.33

251

-0.79

0.430

-0.23

0.10

251

-2.33

Body length

0.00

0.01

250

Tail depth

0.09

0.03

Stage

-0.35

Mass

ß

SE

df

t

P

-0.02

0.58

227

-0.04

0.969

0.021

-0.08

0.08

227

-0.92

0.360

-0.07

0.947

0.01

0.01

226

0.86

0.389

250

3.35

0.001

0.05

0.03

226

1.54

0.126

0.45

206

-0.77

0.442

-0.60

0.44

100

-1.38

0.172

-0.24

0.06

206

-4.09

< 0.001

-0.27

0.05

100

-5.06

< 0.001

Body length

0.00

0.01

205

-0.19

0.853

0.01

0.01

99

0.51

0.613

Tail depth

0.09

0.03

205

3.32

0.001

0.00

0.01

99

-0.34

0.736
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Figure 2.1 Ranavirus infection prevalence of leopard frogs and gray
treefrogs across predator treatment within the virus treatment. Data
(means ± 1 SE) are averaged across day 10 and 20. The no-virus
treatment was excluded from the figure because no infections were
detected. Predator treatments are: no-predator (NP), caged predator
(CP), and lethal predator (LP).
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Figure 2.2 The effects of predator treatment and virus exposure on the
survival of leopard frogs, gray treefrogs, and wood frogs on day 10 (closed
circle) and 20 (open circle). Predator treatments are as described in Fig. 1.
Data are means ± 1 SE.
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Appendix Table 2.1 Akaike information criterion for competing additive and interactive models for the influence of predator
and virus treatments on tadpole (Leopard frog or Treefrog) Gosner stage, mass (g), body length (mm), and tail depth (mm). I
selected additive models for all subsets of species and day (10 or 20) because AIC of interactive models was not > 4 AIC less
than the additive models.
Leopard frogs

Treefrogs

Trait

Treatment

10

20

10

20

Stage

Additive
Interactive

2005.70
2010.24

2201.70
2201.49

2353.20
2351.03

1205.76
1202.30

Mass

Additive
Interactive

37.39
45.63

-89.27
-83.89

-418.09
-408.78

-433.85
-424.89

Body length

Additive
Interactive

-2562.96
-2578.96

-2054.84
-2054.84

-1940.97
-1925.05

-1236.80
-1221.47

Tail depth

Additive
Interactive

-1343.21
-1332.88

-1199.11
-1185.01

-1036.79
-1029.85

-680.34
-670.98
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CHAPTER 3.

3.1

CONCLUSIONS

Conclusions and Future Directions

Organisms are subject to numerous natural and anthropogenic stressors throughout their
lifetime. The sublethal effects of exposure to stress have both individual- and community-level
implications. Moreover, stressors may interact with one another, resulting in additional
repercussions. In these experiments, I explored the various effects of predators, disease, and
chemical contamination on larval amphibians. I used respirometry to assess the impact of ranavirus
and carbaryl exposure on the routine metabolic rate of individuals, and I used a semi-natural
mesocosm experiment to explore predator-pathogen dynamics at the community level. I found that
each of these stressors influenced individual-level traits (e.g., metabolic rate, activity, survival),
and that this had an effect on the community as a whole.
Acute carbaryl exposure and ranavirus infection each reduced routine metabolic rate, which
suggests that these stressors induce energetic tradeoffs. Future research can explore these tradeoffs
in several ways. Collecting data on behavior and feeding prior to respirometry testing would be
useful for establishing energy intake and use in individuals exposed to stress. Additionally,
experiments using multiple timepoints for respirometry testing would aid in clarifying metabolic
effects over time following exposure. For example, testing individuals throughout a chronic
chemical dosing period or immediately following pathogen exposure may provide insights into if
and when metabolic effects peak. Specific experiments are needed on the level of carbaryl capable
of impairing nervous function in amphibians, as the neurotoxic effects of the chemical may have
contributed to the reduction in metabolic rate I observed in acute carbaryl treatments. Investigating
additional species using larger sample sizes may help to clarify the trends I found in the ranavirus
experiments, as small sample size precluded meaningful comparisons in infected treefrogs and
chorus frogs. Although I did not combine carbaryl and ranavirus, larval amphibians are regularly
subject to multiple stressors. Given that isolated treatments elicited lower metabolic rates, it will
be important to explore whether combinations of stressors may have synergistic metabolic effects.
The results of the mesocosm experiment suggest that the healthy herd hypothesis plays out
in larval amphibian communities. This provides insight into the interactions between predators and
pathogens in aquatic communities and the effects of combined stressors. However, there are
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several areas that are in need of additional research. A more diverse assemblage would be useful
in assessing the degree to which predation may reduce infection. Larval amphibians vary in
susceptibility to both ranavirus and predation which may in turn alter how they respond to those
threats (Relyea 2001, Hoverman et al. 2011). Thus, there is a need for comparative studies
examining those dynamics across species. Modeling work could then provide insights into the
tadpole density thresholds required for ranavirus to persist in the presence of predators. Examining
whether other predators of larval amphibians have a similar effect on infection prevalence would
also bolster our understanding of these dynamics. Finally, studies designed to address whether
predators selectively remove infected individuals from the community would aid in clarifying the
mechanism behind the reduction in infection prevalence in this system.
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